Introduction
The high-energy phosphoryl transfer reaction is a principle mechanism exploited by mechanochemical enzymes such as the AAA + ATPases (ATPases associated with various cellular activities).
The AAA + ATPases convert the chemical energy released from ATP hydrolysis to the remodelling of a diverse array of their substrates, to achieve for example protein unfolding, membrane fusion, DNA repair and transcription activation [1, 2] . However, this energy transfer process is transient. In order to capture the AAA + ATPases and their substrates for kinetic and structural studies, nucleotide analogues are widely used. These analogues, in many cases, consist of an ADP and a metallo-halide (e.g., AlF x , which occupies the c- shows complexity in binding to the catalytic site. Schlichting et al. [3] surveyed the majority of the AlF x -containing crystal structures and demonstrated that the pH of the crystallographic experiment determined whether AlF 3 or AlF 4 À was present in the crystal (thus abbreviated as AlF x in this paper). The AlF 3 moiety adopts a trigonal bipyramidal arrangement with the axial coordination sites being occupied by oxygens from the b-phosphate and hydrolytic water, which is thought to closely mimic the c-phosphate at the point of hydrolysis in geometry [4] . The AlF 4 À moiety adopts an octahedral arrangement with a net negative charge, complementary to the transition state c-phosphate [4] . The fact that both AlF x species are found in the crystal structures suggests the catalytic site has enough flexibility to accommodate either without much reconfiguration and energy loss [3] .
Vincent et al. reported a high-affinity dimeric complex formation between the RhoA GTPase and the p190 RhoGAP (Rho GTPaseactivating protein) in a fluoride-and magnesium-dependent manner but an aluminium-and GDP-independent manner [5] . To investigate whether the same effect can be observed on AAA + ATPases and their substrates, we employed a bacterial enhancer binding protein (bEBP) called the Escherichia coli phage shock protein F (PspF) -a Clade 6 hexameric AAA + ATPase for this study [6] . PspF or its AAA + domain alone (residues 1-275, PspF 1-275 ) can activate the psp operon (pspABCDE and pspG) [7] by reorganising the Er 54 -DNA complex through PspF surface-exposed loops in a nucleotide-dependent manner. Recently, the Cryo-EM contour structure of a PspF 1-275 Er 54 ADP-AlF x complex has been resolved [8] . However, the high-resolution hexameric crystal structure of PspF is yet to be obtained, partially due to the interference from precipitation arising from high concentrations of AlCl 3 used. Here, we report an MgF 3 À -dependent complex formation between the ADP-bound PspF and r
54
. We demonstrated that this novel MgF 3 À -dependent complex was more homogeneous than the previously described complexes with AlF x and may represent an intermediate state early along the activation pathway. We propose that MgF 3 À will serve as a new reagent to obtain high-resolution structural information on co-complexes of some AAA + ATPases with their remodelling targets.
Materials and methods

Protein expression
E. coli PspF 1-275 was purified as previously described [9] . Klebsiella pneumonia r 54 was purified as previously described [10] .
Native gel mobility shift assay
Reactions were performed in 10 ll volumes containing 10 lM PspF 1-275 , 2.35 lM r 54 , ±AlCl 3 , ±MgCl 2 , ±ADP and ±NaF in STA buffer (2.5 mM Tris-acetate pH 8.0, ±8 mM Mg-acetate, ±8 mM K-acetate, 10 mM KCl, 1 mM DTT, 3.5% (w/v) PEG 8000) at 37°C for 15 min. Complexes were analysed on 4% native gels.
Gel filtration
The trapped complexes with 20 lM PspF 1-275 and 4.7 lM r 54 were formed after 15 min incubation with reagents at 37°C and run with gel filtration buffer (20 mM Tri-HCl pH 8.0, 50 mM NaCl, 15 mM MgCl 2 ) in a Superdex 200 Column (10/30, 24 ml, GE Healthcare) at room temperature.
In vitro RP O formation assay
The RP O formation assay was conducted as previously described [9] . Typically in 10 ll volumes, 4 lM [12] to support transcription initiation by making the start site available [13] . However, heterogeneity is often observed in the population of ADP-AlF x trapped complexes ( Fig. 1 lane 4 promoted complexes was observed, whose formation was absolutely dependent on the presence of ADP (Fig. 1 lanes 5 and  6) and NaF ( Fig. 1 lane 11) on a pre-opened linear DNA probe (the S. meliloti nifH promoter with the non-template 'melted' from À10 to À1). However, the ground state ADP-BeF 3 -complex failed to do so [13] . Here we employed the spRNA assay to assess whether the MgF 3 À -dependent complexes are transcriptionally active and/or carry any functional similarities to either ADP-AlF x or ADP-BeF 3 -dependent complexes.
In the presence of a dinucleotide primer UpG and radio-labelled GTP, abortive tetra-nucleotides UpGpGpG are generated on the linear nifH promoter by preventing Er 54 from transcribing beyond the +3 site. The amount of UpGpGpG formed reflects the amount of RP O -like activity in the presence of ADP-metal fluorides. Consistent with the previous data, the ADP-AlF x dependent complex was able to generate an RP O -like activity from the pre-melted DNA probe (Fig. 4) . However, the ADP-MgF 3 À -dependent complex failed to yield RP O -like activity from any linear DNA probes used in this experiment (Fig. 4) -a similar functional phenotype was exhibited by the ADP-BeF 3 -dependent complexes [13] . We propose that 
Discussion
We have identified a new method dependent on the formation of -dependent complexes can co-exist in solution with the AlF x -dependent complexes when both metal ions are present -a condition under which most of the previous biochemical, mass spectroscopic and crystallographic experiments were performed. This potential heterogeneity of complex formation with AlCl 3 and NaF in the presence of Mg 2+ is not readily detected given the AlF x functions more efficiently in trapping conditions, and so could have been easily overlooked. As a potential source of heterogeneity in protein conformation, the presence of MgF 3 À and AlF x may interfere with protein crystallisation. Based on the pH effect [3] , we reason that the AlF x moiety under the trapping conditions in this work (pH 8.0) is more likely to assume a trigonal bipyromidal AlCl 3 configuration than an octahedral AlF 4 À configuration. However, Xiaoxia et al. [15] argue that there is a dominant role of charge in selection of the best bound ATP analogues and thus the AlF 4 À moiety might be considered the better binding candidate species compared to AlCl 3 , as has been observed in other classes of ATP hydrolysing enzymes. Clearly, further detailed analyses and high resolution structural information are required to determine the precise ATP analogue species bound and roles of charge/geometry relationships in their binding to the bEBP class of ATPases. 
